Digital Tomosynthesis (DT) is a low-dose X-ray limited-angle tomographic imaging technique. It is a non-invasive and non-destructive method for three-dimensional imaging of the inner structures of an object. Nowadays, it is an attractive low-dose alternative to Computed Tomography (CT) in certain imaging applications. However, the data incompleteness is the major problem of DT. It results in the violation of tomographic sufficiency conditions, which, in turn, results in the limited axial resolution of the reconstructed images. Another problem is that for long objects the in-plane image quality depends on the in-plane orientation of the object with respect to the X-ray tube rotation axis. In the current study, tomosynthesis is considered for musculoskeletal imaging. Two challenging problems of limited axial resolution and image quality are addressed in the current work. A novel tomosynthesis acquisition scheme, based on a tiltable object-supporting platform, is proposed. The platform tilts the object in the direction perpendicular to the X-ray tube movement direction. It allows for acquiring additional projections by collecting information about an object from the sides, which improves the Radon space filling and better fulfils the Tuy-Smith data sufficiency conditions. The potential of the proposed acquisition scheme is validated both qualitatively and quantitatively using a software simulation framework. The simulations show two promising results. First, the axial resolution can be considerably increased compared to standard tomosynthesis acquisition geometry, while keeping the number of projections (i.e. dose) fixed. Second, the dependency of image quality on the object orientation can be decreased. Abovementioned results are reached without increasing the patient dose. Potentially, the hardware implementation of the proposed platform is very attractive, because it will not require any modifications of existing tomosynthesis devices.
Introduction

Digital Tomosynthesis: attractive low-dose imaging technique
Digital tomosynthesis (DT) is an X-ray imaging modality for three-dimensional visualization of the inner structures of an object. DT involves acquisition of a limited number of low-dose two-dimensional X-ray projections of an object from different angular views. Tomosynthesis is a decades old imaging technique [1] . Despite its potential, digital tomosynthesis was not feasible for clinical use back at 1970th due to the problems with practical implementation. Only recent advances in x-ray digital detector technologies provide suitable large and fast flat-panel detectors for tomosynthesis. Currently tomosynthesis attracts scientific attention with increasing number of investigators working in this field [2] . DT is known as an attractive low-dose alternative to Computed Tomography (CT) in certain imaging applications. It is suitable for low-dose applications when the full angular scan is unavailable due to the space limitations or specificity of an object, e.g. to detect breast microcalcifications and tumors, chest pulmonary nodules, in dental or orthopaedic imaging. In the current work, DT is considered for musculoskeletal imaging of hands. A threedimensional reconstruction with a high in-plane resolution, a low dose and potentially low costs make DT attractive for hand imaging compared to Conventional Radiography (CR) or CT, see Fig. 1 . 
Limited axial resolution and the image quality problem
In contrast to CT, an isotropic image reconstruction in DT is impossible because only a limited number of projections acquired over limited angular range is available. Only slices which are parallel to the detector plane can be reconstructed with high resolution. While the in-plane resolution can be about 85 μm, the in-depth resolution is typically up to ten times worse than the in-plane resolution. Axial slices are blurred and each dense structure produces "sandglass"-shaped artifacts. The intensity of artifacts is proportional to the size and density of the artifact-causing structures [3] .
In case of musculoskeletal imaging, this problem becomes even more dramatic, because most of those artifcats are produced by bones of high density. Another problem in DT is connected to imaging of long objects (e.g. bones or hands). Observer evaluation studies show that the in-plane image quality depends on the inplane orientation of the object [4] .
Tomosynthesis geometry: Influence of acquisition parameters
A tomosynthesis device is typically equipped with a halfcone X-ray tube, a large flat-panel detector and a compression paddle. The half-cone tube is used to prevent the patient from unnecessary radiation dose. The compression paddle is used to fixate an object. A schematic drawing for tomosynthesis geometry is presented in Fig. 2 . During an image acquisition the X-ray tube and the detector move around the object (patient) over a limited angular range while taking a limited number of two-dimensional planar radiographs. Typically, the detector stays fixed and the Xray tube moves along a one-dimensional arc-shaped trajectory.
Fig. 2.
A schematic drawing of tomosynthesis geometry.
A number of investigators have analyzed the tomosynthesis system performance in dependency of imaging geometry. It has been shown that image acquisition parameters such as the total number of acquired projections, the angular range and a trajectory of the X-ray tube movement has great influence on the image quality [5] . An increasing number of projections for the fixed angular range or using a wider angular range lead to the reduction of artifacts. However, increasing the number of acquired projections results in an increase in dose. A wider angular range will produce so-called ripple artifacts, if the number of acquired projections is too small. In turn, increasing the projection number in this case leads to increasing dose, which would be applied to the patient. Under these limitations, it is unfeasible to improve the image quality via an increasing number of projections or a larger angular range because it always involves increased patient dose. Another strategy is using a two-dimensional X-ray tube trajectory instead of a one-dimensional orbit. Two-dimensional trajectories of the tube movement allows for acquiring more information about object in terms of Radon space filling and thus leads to superior image quality [6] . However, in practice one faces implementation problems. First, vibrations from acceleration and deceleration of the X-ray tube while movement may influence tube positioning precision and thus have negative impact to the image quality [7] . Second, unnecessary dose will be applied to the patient when the tube is tilting away from the patient, since it would not be half-cone with respect to the patient anymore (see Fig. 2 , left).
Contribution of the current work: Novel acquisition scheme
The problems mentioned in the introduction motivate for searching alternative image acquisition schemes which provide a solution without introducing additional unnecessary radiation dose to the patient. It should provide images with less axial artifacts while keeping the dose low. At the same time it is desirable to reduce the dependency of image quality from object orientation. A novel tomosynthesis acquisition scheme is proposed. The scheme is based on a tiltable object-supporting platform. The platform tilts the object in the direction perpendicular to the X-ray tube arc. The tilting allows for acquiring additional projections by collecting information about an object from the sides. It improves Radon space filling and better fulfills the Tuy-Smith data sufficiency conditions [8] than the simple 1D arc trajectory, while keeping the mechanical parts relatively simple.
Material and Methods
Novel Acquisition Geometry: Tiltable object-supporting platform
As pointed out above, the standard tomosynthesis imaging device can be extended by an additional tiltable platform which is mounted onto the detector. The object to be visualized is placed on this platform. The platform is then tilted by a high precision step motor around a pre-selected rotation axis perpendicular to the tube rotation axis. This way, projections outside the arc are acquired for each position of the X-ray tube. At the same time, the number of projections in the original direction is reduced. The total number of projections and therefore the applied dose stays the same. The iso-center of the tiltable platform and the isocenter of the tube trajectory coincide. A schematic drawing of the image acquisition process with the tiltable platform is shown in Fig. 3 . It is assumed that the X-ray tube moves in y-direction, while additional projections are acquired in x-direction. The projection data acquired with the standard (e.g. arc) tube trajectory in combination with the tiltable platform is equivalent to the projection data, acquired with non-planar additional tube movement in two perpendicular directions.
Software Simulation Framework
For the current study, a software simulation framework for tomosynthesis acquisition and reconstruction was developed. The geometry of the Siemens Mammomat Inspiration device with a fixed flat-panel detector and an X-ray tube which moves along an arc trajectory has been implemented.
Fig. 3.
A schematic drawing of the tomosynthesis acquisition with a tiltable platform. The tilt of the platform is perpendicular to the direction of the X-ray tube arc.
The standard angular range θ is 50o, the angular step is 2 o and the number of projections N proj is 25. A highresolution three-dimensional micro-CT dataset of a human bone 1 scanned with a Skyscan 1172 Scanner was used as a software phantom. The dataset was scaled and postprocessed using denoising smoothing and background removing using threshold segmentation. The dataset is used as a phantom for the simulation of noiseless tomosynthesis projections and as a reference for evaluation of the achieved image quality. The Simultaneous Algebraic Reconstruction Technique (SART) was used for the tomosynthesis reconstruction. Forward-and backprojections were modeled using distance-driven algorithm, adapted for the fixed detector tomosynthesis geometry [9] .
Results and Discussion
In a first step, acquisition geometry with standard X-ray tube trajectory movement and different acquisition parameters have been simulated. This geometry will be further referred to as standard acquisition mode. In a second step, acquisitions using tiltable platform have been simulated. This geometry will be further referred to as tiltable platform acquisition mode. For each case noiseless projections were simulated and then reconstructed as a stack of slices. 1 The human cadavers -respectively bodies/heads/arms/legs feet etc. as parts of cadavers -were used and dissected in this examination under permission of the "Gesetz über das Leichen-, Bestattungs-und Friedhofswesen (Bestattungsgesetz) des Landes Schleswig-Holstein vom 04.02.2005, Abschnitt II, § 9 (Leichenöffnung, anatomisch)". In this case it is allowed to dissect the bodies of the donators (Körpers-pender/in) for scientific an/or educational purposes.
In a last step, the reconstructed volumes were compared to the reference volume (micro-CT scan).
Axial resolution: Quantitative evaluation
For this study, the standard acquisition geometry with all possible combinations of a number of projections (N proj = 6, 12, 25, 50) and an angular range from 10 o to 100 o have been simulated. Additionally, an acquisition using tiltable platform with 50 o angular range and 25 projections has been simulated. The Normalized Root Mean Squared Error (NRMSE) was used as an image quality measure. The smaller the NRMSE value is, the smaller the difference between a given reconstruction volume and the reference dataset. Results are summarized in Fig. 4 . The four curves represent the image quality of acquisitions with a fixed number of projections in dependency of the angular range. In case of standard acquisition, the doubling of projection number yields slight improvement of the image quality. The overall decreasing behavior of the curves when using more projections or using wider angular range confirms results mentioned in the introduction section. The point, marked with the star denotes the result of acquiring additional projections in x-direction using the tiltable platform with total number of projections equal 25. Comparing these results to the standard acquisition, one can clearly see significant quantitative improvement in image quality when using tiltable platform acquisition mode.
Axial resolution: Qualitative evaluation
Three orthogonal slices from a reconstructed volume (N proj = 25, θ = 50 o ) are shown in Fig. 5 . The standard acquisition and the tiltable platform acquisition results are shown in Fig. 5 , left and right, respectively. Corresponding reference micro-ct reconstruction is shown in Fig. 6 . Structures of interest and bone margins are marked with 
3.3
Object orientation with respect to the X-ray tube movement direction
The simulations for this study have been done by in-plane rotating the object from 0 o to 360 o with respect to the Xray tube rotation axis. For all orientations the following acquisition parameters were chosen: N proj = 25, θ = 50 o . Each reconstructed volume was compared with the reference using NRMSE. The comparison results are shown in Fig. 7 . Results show that in case of the standard acquisition trajectory, the image quality decreases when the angle is close to 90 o and 270 o . The corresponding peaks are highlighted with black arrows in Fig. 7 . Those peaks almost vanish when using the tiltable platform acquisition mode. This behavior means that in this case the image quality does not depend on the in-plane object orientation.
Conclusion
In the current paper, two challenging problems of the Digital Tomosynthesis have been addressed. The first problem is the limited axial resolution. The second problem is the dependency of the in-plane image quality on the in-plane orientation of the object with respect to the X-ray rotation Fig. 7 . NRMSE for different object orientation with respect to the X-ray tube movement direction for standard and tiltable platform acquisition modes.
axis. Further, a novel acquisition principle based on the tiltable object-supporting platform has been proposed. By tilting the object it allows for acquisition of additional information from outside of the conventional 1D X-ray tube arc. This leads to significant improvement of the in-plane and the axial image quality, as well as reduction of the dependency of the image quality on the object orientation. All results are achieved without increasing the patient dose. Potentially, the hardware implementation of the proposed platform is very attractive, because it will not require any modifications of existing standard tomosynthesis devices.
5
